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1. INTRODUCTION
Critical heat flux (CHF) is characterized by a sudden
reduction of the local heat transfer coefficient (HTC) that
results from the replacement of liquid by vapor adjacent
to the heat transfer surface [1]. Ordinarily, the CHF
represents a thermal limitation in which a phase change
occurs during heating. When the CHF occurs, an inordinate
decrease in the heat transfer rate for both the heat flux
and temperature controlled systems is generated. This is
generally more important in applications such as power
generation for heat flux controlled systems, due to the
burnout or integrity failure that occurs on heated surface.
Thus, it is very important to enhance the CHF in order to
ensure system safety and to improve efficiency.
Many methods of enhancing the CHF have been
investigated, e.g. the swirl flow using twisted tapes, the
promotion of flow mixing, the altering of the heated
surface characteristics, and the changing of the surface
tension; in recent years, a new technique has been proposed
using nanofluid technology. Nanofluids are nanotechnology-
based fluids engineered to enhance thermal conductivity
through dispersing and stably suspending nanoparticles
in traditional heat transfer fluids [2]. One of the most
interesting characteristics of nanofluids is their ability to
significantly enhance the CHF.
The primary objective of the present research is to do
CHF enhancement experiments in flow boiling using
nanofluids under low pressure and low flow (LPLF)
conditions. Some CHF experiments relevant to the present
work for flow boiling include the following. Chang et al.
[3] investigated the stable flow of water in vertical tubes
in low pressure and velocity conditions. Experiments were
performed using round tubes with diameters of 0.006 m
and 0.0088 m for mass fluxes below 200 kg/m2s under
atmospheric pressure. A new design correlation was
proposed based on the combination of the present data
and other CHF data available in the literature. Assessments
of the experiments demonstrate reasonable agreement
between the predictions and the experiments. Kim et al. [4]
performed water flow in vertical round tubes under LPLF
conditions in order to provide a systematic database and
to investigate parametric trends. A total of 513 sets of
experimental data were obtained using Inconel-625 tube
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test sections in the following conditions. Test sections
with four (6, 8, 10, and 12 mm) diameters and variable
lengths were used for the experiment at low pressure (P =
106~951 kPa) and low flow (G = 20~277 kg/m2s) conditions.
Kim et al. [5] studied flow boiling CHF in nanofluids.
They used a 0.01 vol.% alumina nanofluid characterized
by nanoparticles with a size of ~50 nm. The results
demonstrate that CHF enhancement up to ~30 % can be
achieved using the nanofluid. Kim et al. [6] showed that
the maximum CHF enhancements were 53 %, 53 %, and
38 % for alumina, zinc oxide, and diamond nanofluids,
respectively. They concluded that an analysis of the boiling
surface reveals that its morphology is altered by the
deposition of the particles during boiling. Additionally,
the wettability of the surface is substantially increased,
which appears to correlate well with the observed CHF
enhancement. Kim et al. [7] performed flow boiling CHF
experiments using an Al2O3 nanofluid at different inlet
temperatures (50 and 75 °C) and mass fluxes (100, 200,
and 300 kg/m2s). The CHF results for water agreed well
with the results provided in the 1995 CHF look-up table
prepared by Groeneveld. The results demonstrated that
the CHFs of the Al2O3 nanofluids were enhanced up to
~70 % in flow boiling for all experimental conditions.
The inner surfaces of the test section tube were observed
using an FE-SEM and the zeta potentials of the Al2O3
nanofluids were measured before and after the CHF
experiments. Most CHF experiments were conducted using
Al2O3 nanofluids with low subcooling and were compared
with the 1995 Groeneveld results in a look-up table [8]. 
SiC is considered as a candidate for wall materials of
fusion reactors, in which a high temperature and high
radiation environment is expected. Also, SiC has
demonstrated its potential as a coating material for use as
a high temperature gas cooled reactor fuel. Thus, the
resistance of SiC to high temperature and high radiation
environments can provide a good reason for applying SiC
as a cladding material for light water nuclear reactors [9].
Therefore, this work was performed to provide CHF data
using SiC/water nanofluids as well as Al2O3/water nanofluids
for LPLF conditions with high subcooling (inlet temperature:
25 and 50 °C) and to compare the obtained results with
the 2006 Groeneveld look-up table [10].
2. EXPERIMENT
2.1 Preparation of Al2O3/Water and SiC/Water
Nanofluids
The nanoparticles/water nanofluids were prepared by
dispersing the nanoparticles into water as a base fluid.
The Al2O3 nanoparticles (true density = 3970 kg/m3, thermal
conductivity = 40 W/(mK)) in this study were manufactured
by Alfa Aesar, Johnson Matthey Company. The SiC
nanoparticles (true density = 3160 kg/m3, thermal
conductivity = 490 W/(mK)) were manufactured by Sigma
Aldrich. It is well known that the nanofluid properties
depend on the shape and size of the nanoparticles. In order
to identify the nanofluid morphology, a transmission
electron microscopy (TEM) was performed. As can be
seen in the image in Fig. 1, it was identified that the Al2O3
and SiC nanoparticles have spherical shapes. The size of
the Al2O3 nanoparticles was smaller than 50 nm and that
of the SiC nanoparticles was larger than 50 nm.
The preparation process for the nanoparticles/water
nanofluids is as follows: (1) weigh the nanoparticle mass
using a digital electronic balance; (2) put the nanoparticles
into weighed water and prepare the nanoparticles/water
mixture; and (3) sonicate the mixture continuously for
six hours using a sonicator in order to obtain uniform
dispersion of the nanoparticles in the water. Through this
preparation, the temperature of the nanofluids increased
from 24 °C to 55 °C [11].
In the present work, 0.01 vol.% Al2O3/water and SiC/
water nanofluid was prepared. In terms of the colloidal
stability or stable nanoparticle-dispersion, the zeta potential
is a key parameter. The zeta potential of the Al2O3/water
nanofluid was +36 mV and that of the SiC/water nanofluid
was -37.3 mV (Fig. 2). It can be seen that these values
show moderate stability, because the absolute values of the
zeta potential are larger than 30 mV. In terms of the colloidal
stability or stable nanoparticle dispersion, the pH is a key
parameter that is related to the electrostatic charge on the
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Fig. 1. TEM Images of the Nanoparticles: (a) Al2O3 and (b) SiC.
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particles surface. This can be interpreted and quantified
as the zeta potential. It is well known that the pH value
required in order to maintain stability must be far from
the isoelectric point (IEP), which is the pH at which a
particle surface does not have a net electrical charge
(zero zeta potential). Therefore, in a colloidal dispersion,
the IEP brings about the precipitation and agglomeration
of particles because there are insufficient repulsive forces
between the particles. As the pH changes from the IEP, the
absolute value of the zeta potential of the particle surface
increases so that the interaction between the particles due
to the existence of the electrical double layer (EDL)
becomes sufficient to prevent attraction and collision
between particles caused by the Brownian motion.
2.2 CHF Experiment
The influences of the Al2O3/water and SiC/water
nanofluids and the fluid thermal hydraulic conditions
(mass flux) on the CHF have been determined through
experiments in the flow boiling loop that is shown in Fig. 3.
Experiments were performed using 1/2 inch stainless steel
316L (test section length: 0.5 m) with mass flux values of
100, 150, 200, and 250 kg/m2s and inlet temperatures of
25 and 50 °C. The main components of the experimental
system include an overhead liquid reservoir (working fluid
storage and prevention of countercurrent), a surge tank
(working fluid storage), a magnet turbine pump (the working
fluids were circulated using a pump with a variable speed
driver), a pre-heater to control the inlet temperature of the
working fluid, a flow meter to confirm the flow mass rate
of the working fluid (the uncertainty of the flow mass rate
was less than ±4 %), a test section, a DC power supply, and
a condenser for cooling the working fluid. The test section
was installed in order to adjust the angle; that is, the test
section can be vertical and horizontal, and is determined in
a flexible way. Two piezoresistive transmitters were
installed at the inlet and exit of the test section in order to
monitor the pressure of the test section inlet and exit. Also,
ten thermocouples were installed in order to monitor the
temperature of the test section part, test section inlet and
exit, tank, and condenser exit. The test section was directly
heated using a 75 kW (30 V, 2500 A) DC power supply.
(the uncertainty of the power supplied to the test section
Fig. 2. Zeta Potential of 0.01 vol.% Nanofluids: (a) Al2O3/Water Nanofluid and (b) SiC/Water Nanofluid.
Fig. 3. Schematic Diagram of the Flow Boiling Loop.
was measured using a multimeter to be less than 1.5 %).
Also, an Agilent data acquisition system was used to read
the individual instrument outputs and translate them into
physical parameters. A computer was used to sample all
data periodically and to monitor the experiment.
The experimental procedure was as follows. The
working fluid was flowed by a pump and heated by a pre-
heater in order to remove the non-condensable gas and to
adjust the inlet temperature. The voltage was increased
stepwise until the CHF occurred [12]. The experiment was
performed twice for each condition (water, Al2O3/water,
and SiC/water nanofluids with smooth tubes). The total
amount of each fluid was 74 liters. All experiments were
performed in flow boiling under atmospheric pressure at
fixed inlet temperatures (25 and 50 °C) and fixed mass
fluxes (100, 150, 200, and 250 kg/m2s).
The calculation of the heat flux in the test section is
as follows:
where V is the measured voltage, I is the measured current,
Dinner is the inner diameter of the test section (1/2 inch
stainless steel 316 L tube), and L is the length of the test
section. 
The CHF results for water were compared with the
2006 CHF look-up table prepared by Groeneveld [10]. In
comparison with the 2006 Groeneveld look-up table, the
critical steam quality was calculated using the heat balance
equation for the first action. Heat losses in the test section
were less than 9 % for an increasing heat flux of 100~3500
kW/m2 (for an increasing voltage of 4~25 V).
The heat balance equation is as follows:
where Xcr is the critical steam quality, hfg is the latent heat
of vaporization (MJ/kg), q" is the critical heat flux (MW/m2),
z is the tube length (m), D is the tube diameter (m), G is
the mass flux (kg/m2s), and (∆hsub)inlet is the enthalpy inlet
subcooling (MJ/kg). 
3. RESULTS AND DISCUSSION
In a gas-liquid, the two phases can adopt various
geometric configurations known as flow patterns or flow
regimes. As the quality is gradually increased from zero,
the common flow regimes for vertical upflow, which is
where both phases flow upwards in a circular tube, are
bubbly flow, plug flow, churn flow, and annular flow. Flow
pattern maps attempt to separate the space into areas
corresponding to the various flow patterns using a two-
dimensional graph [13]. The commonly useful flow pattern
maps are the Baker map [14], the Hewitt and Roberts map
[15], and the Taitel and Dukler map [16].
Among these flow pattern maps, the Hewitt and Roberts
flow regimes for vertical flow were investigated using the
experimental results, as shown in Fig. 4. In this figure,
G2/ρ is the momentum flux and all transitions are assumed
to depend on the phase momentum fluxes. ‘Wispy’ annular
flow is a sub-category of annular flow that occurs at a high
mass flux when the entrained drops appear as wisps or
elongated droplets [15]. The flow regimes in all conditions
(inlet temperature: 25 and 50 °C; mass flux: 100, 150,
200, and 250 kg/m2s; working fluid: water, Al2O3/water
nanofluid, and SiC/water nanofluid) were annular flows.
Annular flows are when the liquid moves as an annular
film on the inner surface of the tube and the tiny drops
distributed in the gas move to the center of the tube. The
mechanism that occurs in the CHF is a liquid film dryout
(LFD) in the annular flow regime. The CHF condition was
decided when the maximum surface temperature exceeded
200 °C with a rapid increase, because the mechanism that
occurs in the CHF is the LFD, as shown in Fig. 5. This
condition was confirmed through observations that the
surface temperature of the tube increased rapidly when it
exceeded 200 °C.
For fixed inlet conditions, the parametric trends of the
CHF are mass flux, diameter, heated length, inlet subcooling,
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(1)
(2)
Fig. 4. Hewitt and Roberts Flow Regimes map (1969) for the
CHF Data According to the Inlet Temperature: (a) Tin: 25 °C
and (b) Tin: 50 °C.
and pressure. The pressure among these parameters is
known to result in the increase of the CHF, which occurs
according to the increase in the pressure [17, 18]. Moreover,
Moon et al. [19] demonstrated that the pressure had an
opposite trend for the LPLF conditions; Kim et al. [4]
revealed that the CHF slowly increased with pressure
increases for higher mass fluxes, but that the effect becomes
negligible at lower mass fluxes. In the present work, the
pressure at the test section exit increased according to the
increase of the mass flux, as shown in Fig. 6, despite
maintaining a constant fluid level in the overhead liquid
reservoir. In Fig. 6, the difference between the initial exit
pressure and exit pressure at which the CHF occurs resulted
from the change in initial exit pressure when each
experiment was performed. That is, the exit pressure at
which the CHF occurred is almost the same according to
the working fluids. Although the difference of the initial
exit pressure and exit pressure at which the CHF occurs
increased as the mass flux increased, the CHF increased
slightly according to the pressure because the exit pressure
at which the CHF occurred was nearly the same according
to the mass flux increase for water, Al2O3/water nanofluid,
and SiC/water nanofluid.
The CHF results for water were similar to those in
the 2006 Groeneveld look-up table, as shown in Fig. 7.
In this figure, the black line is the 2006 Groeneveld data
at 100 kPa and the red line is the 2006 Groeneveld data
according to the exit pressure. Furthermore, the CHF results
for the Al2O3/water and SiC/water nanofluids were enhanced
through the increase of the mass flux at inlet temperatures
of 25 °C and 50 °C; the CHF results for the SiC/water
nanofluid were more enhanced than those for the CHF for
the Al2O3/water nanofluid in all experiment conditions.
As seen in Fig. 8, the CHF enhancement ratios of the
Al2O3/water and SiC/water nanofluids did not increase
with an increase in the mass flux at inlet temperatures of
25 °C and 50 °C because the deposition structure of the
nanoparticles according to the mass flux is different. For
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Fig. 6. Pressure Difference with Different Mass Fluxes
According to the Inlet Temperature: (a) Tin: 25 °C and (b) Tin:
50 °C.
Fig. 5. Surface Temperature of the Test Section near the CHF.
Fig. 7. CHF Data with Different Mass Fluxes According to the
Inlet Temperature: (a) Tin: 25 °C and (b) Tin: 50 °C.
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the Al2O3/water nanofluid, the maximum CHF enhancement
ratio was 15 % at an inlet temperature of 50 °C and mass
flux of 200 kg/m2s; the maximum CHF enhancement ratio
was 41 % at an inlet temperature of 25 °C and mass flux
of 150 kg/m2s for the SiC/water nanofluid. For the
Al2O3/water nanofluid, Kim et al. [7] performed flow
boiling CHF experiments at various inlet temperatures
(50 and 75 °C) and mass fluxes (100, 200, and 300 kg/m2s)
in round tubes with an inner diameter of 0.01041 m and a
length of 0.5 m. The experimental conditions of the inlet
temperature of 50 °C and mass fluxes of 100 and 200 kg/m2s
were the same as the conditions of the experiment presented
in this study. However, the CHF enhancement ratios of
the Al2O3/water nanofluid differed as shown in Table 1.
The reason for the difference results from the deposition
structure of the nanoparticles being different. Although
the flow boiling CHF experiments using the Al2O3/water
nanofluid have been performed in other studies, comparison
was not possible due to the different shape of the test section.
The CHF results for nanofluids were higher than those
for water due to the enhanced wettability of the liquid film
on the heater surface resulting from the nanoparticle
deposition. The nanoparticle deposition occurred as the local
dryout occurred. This cause has been stated in numerous
previous studies [5-7, 12, 20-23]. The macroscopic
observations reveal the deposition of nanoparticles on the
inner surface of the test section, as shown in Fig. 9.
Furthermore, as seen in Fig. 10, the SEM observations
revealed more detail of the nanoparticle deposition. While
the research results on the CHF enhancement using
nanofluids in flow boiling have been reported, there have
not yet been reports on the cause of the CHF enhancement
for each nanofluid. In all experiment conditions, the CHF
results for the SiC/water nanofluid were more enhanced
than those for the Al2O3/water nanofluid because the thermal
conductivity of SiC nanoparticles is higher than that of
Al2O3 nanoparticles, as seen in Table 2; furthermore, the
deposition structure of the nanoparticles differs, as seen
in Fig. 10. Also, as seen in Fig. 11, the contact angle in the
Fig. 8. CHF Enhancement Ratios with Different Mass Fluxes
According to the Inlet Temperature: (a) Tin: 25 °C and (b) Tin:
50 °C.
Fig. 9. Macroscopic Observations of the Inner Surface of the
Test Section after the CHF Experiments: (a) Water, (b)
Al2O3/Water Nanofluid, and (c) SiC/Water Nanofluid.
Mass flux (kg/m2s) KAIST (Kim et al. [7]) UNIST
Table 1. Comparison of the CHF Enhancement Ratios in








inner surface of the test section after the CHF experiment
using the SiC/water nanofluid (38.8°) was smaller than
that after the CHF experiment with water (60.5°) and
Al2O3/water nanofluid (52.3°) after injecting 10 µl of
water. These results demonstrated that the nanoparticle
deposition increased the surface wettability.
4. CONCLUSIONS
The following conclusions can be made as a result of
the experiments.
(1)In a comparison with the results in the 2006 Groeneveld
look-up table, the CHF results for water were found
to be similar.
(2)Although the differential pressure increased as the mass
flux increased, the CHF of the nanofluids was enhanced
regardless of the pressure because the differential
pressure was nearly identical according to the increase
of the mass flux.
(3)The maximum CHF enhancement of the Al2O3/water
nanofluid was 15% at an inlet temperature of 50 °C
and a mass flux of 200 kg/m2s.
(4)The maximum CHF enhancement of the SiC/water
nanofluid was 41% at an inlet temperature of 25 °C
and a mass flux of 150 kg/m2s.
(5)The CHF enhancements of the nanofluids caused
enhanced wettability of the liquid film on the heater
surface due to the nanoparticle deposition. This was
confirmed through SEM observations.
(6)The CHF results for the SiC/water nanofluid were more
enhanced than those of the Al2O3/water nanofluid
because the thermal conductivity of the SiC nanoparticles
is higher than that of the Al2O3 nanoparticles and the
deposition structure of the nanoparticles also differs.
Furthermore, the contact angle in the inner surface of
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Fig. 10. SEM Observations of the Inner Surface of the Test
Section after the CHF Experiments: (a) Water, (b) Al2O3/Water
Nanofluid, and (c) SiC/Water Nanofluid.
Thermal conductivity (W/mK) Nanoparticles 





Fig. 11. Contact Angles of the Inner Surface of the Test Section
after the CHF Experiments: (a) Water (60.5°), (b) Al2O3/Water
Nanofluid (52.3°), and (c) SiC/Water Nanofluid (38.8°).
the test section after the CHF experiment with the
SiC/water nanofluid was smaller than that after the
CHF experiment with water and Al2O3/water nanofluid.
Therefore, the surface wettability, which is important
in enhancing the CHF, is increased.
NOMENCLATURE
D Tube diameter (m)
G Mass flux (kg/m2s)
h Latent heat (MJ/kg)
I Measured current (A)
L Length of test section (m)
P Pressure (kPa)
q" Critical heat flux (MW/m2)
T Temperature (°C)
V Measured voltage (V)
X Steam quality
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